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CONTRIBUTIONS FROM THE JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY. 

VISCOSITY OF AIR. 
By J. L. Hogg. 

Presented by John Trowbridge, December 14, 1904. Received January 9, 1905. 

From the standpoint of the Kinetic Theory of Gases the viscosity, 
or internal friction, of a gas is a very important property, and, on this 
account, it is not surprising that a determination of the coefficient of 
viscosity of various gases has been the subject of investigation for many 
scientists. Air has been submitted to investigation probably more fre- 
quently than any other gas, but although many careful experiments have 
been performed and though the results of the more recent measurements 
show much better agreement than the earlier results showed, yet there 
is still some lack of agreement in the results obtained by different inves- 
tigators using the same method as well as in those obtained by different 
methods. For example, 0. E. Meyer * using one method obtained re- 
sults ranging from 0.000168 to 0.000174 for the value of the coefficient 
of viscosity at 0° C. Breitenbacb,f using the same method, got 0.0001733, 
which is in good agreement with the result obtained by Schultze J and 
also with that obtained by Markowski. § By the same method, how- 
ever, Schneebeli || obtained 0.0001707 and Obermeyer f 0.0001705. 
Tomlinson,** using a method involving another principle, obtained as 
a mean result 0.0001715, while F. G. Reynolds,tt by the same general 
method, obtained 0.0001767. 

Since experiments on the relation of viscosity to temperature show 
a comparatively slow change in viscosity with changing temperature, 
and since the temperature of the gas is the only property of it which is 
likely to be subject to even moderate change during the course of an 
experiment, it would seem that it should be possible to determine the 

* Pogg. Ann., cxlviii. t Ann. der Phys., 5, 1901. 

t Ann. der Phys., 5, 1901. § Ann. der Phys., 9, 1904. 

|| Arch. Sci. Phys. et Nat., 14, 1885. f Wiener Sitzungsber. Abth., 2, 1875. 

** Phil. Trans., 177, 1886. ' tt Phys. Rev., July, 1904. 
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coefficient of viscosity with more precision than that indicated by the re- 
sults hitherto obtained. It would appear that there may be some cause for 
the discrepancies other than the mere accidental errors which are present 
in every investigation. A further examination of the subject would, at 
least, seem justifiable. 

Without reference to the definition of viscosity from the point of view 
of the Theory of Gases, it may be defined as that property of a gas by 
virtue of which resistance is offered to the motion of one portion of the 
gas relative to the contiguous portion. The coefficient of viscosity of the 
gas is defined as the force per unit surface which must be applied par- 
allel to the surface of a plane placed in a mass of gas at unit distance 
from a fixed plane, parallel to the former, so that the moving plane may 
have unit velocity in the direction of the force. To measure this coeffi- 
cient, which is usually denoted by /x, a shearing strain must be produced 
in the gas and the force necessary to do the shearing measured. The 
ideal shear would be that obtained by causing one plane in a mass of gas 
to move with a constant velocity parallel to another fixed plane ; but the 
planes would have to be infinite to avoid the edge effects, so that this 
method is not practicable. 

One of the two general methods of shearing which approach this ideal 
case is by oscillating a solid body in the gas. The resistance offered by 
the gas to the motion of the solid is determined by observing the diminu- 
tion of the amplitude of the oscillations. The quantity actually ob- 
served is the arc of swing, and the decrement in the logarithm of this 
arc is then calculated. In order, then, to determine the coefficient of 
viscosity, there must be a mathematical expression showing the relation 
it bears to this logarithmic decrement. The desired relation has been 
obtained in the case of pendulums having the form of a sphere, an infi- 
nitely long circular cylinder, and a circular plate oscillating in its own 
plane between and parallel to two fixed disks. The cases of the sphere 
and cylinder were first discussed by Professor Stokes,* while that of 
the disk was treated by Maxwell. The other method of producing the 
desired strain, called the transpiration method, consists in causing the 
gas in question to flow through a tube of narrow bore, a small constant 
difference of pressure being maintained between the ends of the tube. 
0. E. Meyer f has discussed the flow of the gas in such circumstances 

* Camb. Phil. Soc. Proc, 9. Also a note to Tomlinson's paper, Phil., Trans., 
1886. 

t Pogg. Ann., 127, 1866. 
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and has deduced an expression for /x in terms of the radius and length of 
the tube, the mean pressure in the gas, and the excess of the pressure at 
one end over that at the other. 

That there are discrepancies in the results obtained is probably ac- 
counted for, as Meyer has pointed out, by the failure of the experimental 
methods to conform to the conditions imposed in the mathematical analy- 
sis. Whatever method is chosen, then, the prime requisite is to be certain 
that the mathematical conditions are fulfilled. 

As has been said, Maxwell gave a theoretical discussion of the case of 
a circular plate performing oscillations between two fixed parallel disks 
and parallel to them. He used the formula obtained to get the value of 
fi, but his mean result is much larger than that obtained by more recent 
investigators using in some cases the transpiration method and in others 
the oscillation method. The probable cause of this was discussed by 
Stokes iu a note appended to Tomlinson's paper on the determination 
of jx. Stokes showed that unless the swinging disk is adjusted so that, 
as it swings, it deviates very little from the horizontal plane, there will 
be an appreciable loss of energy, on the part of the moving disk, due 
to the crowding of the air between the fixed and moving disks. 

Tomlinson, in the investigation referred to, by oscillating first a long 
cylinder and then a short one whose time of swing was the same as that 
of the long one, obtained, by eliminating in this way the end effects, 
practically a cylinder of infinite length, and was thus able to make use 
of Stokes's formula for the case of an infinitely long cylinder, suspended 
vertically and performing oscillations about its axis. There does not 
seem to have been any objection raised to the use of this formula for the 
determination of /x. His most consistent results were those obtained in 
this way from a single cylinder, but during the course of the investigation 
he made use of a system of two vertical cylinders, and of one of two 
spheres suspended side by side. 

More recently F. G. Reynolds used a single spherical shell, and also 
a single cylinder, and he obtained results from the two methods which 
agree well with each other, but are considerably larger than the mean of 
Tomlinson's results, and larger than the result obtained by the latter 
with a single cylinder. For jx at 0° C, Tomlinson got 0.0001715, using 
the single cylinder, while F. G. Reynolds got 0.0001768. 

The seeming completeness and simplicity of the theoretical treatment 
of the motion of an infinite fluid in which a solid sphere is oscillating 
about a vertical diameter commends for use in determining /x a pendulum 
spherical in form, provided it can be shown that, under the given ex- 
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perimental conditions, any quantities neglected in the solution of the 
differential equations involved are really negligible. 

Professor Stokes, in his discussion of the motion of an infinite viscous 
fluid disturbed by a sphere oscillating about a vertical diameter, neglects, 
in the general equations expressing the motion, terms which are of the 
second degree ; e. g., the square of the velocity of the fluid at any point 
is neglected. The assumption that these terms are negligible leads to 
a comparatively simple expression relating the logarithmic decrement, 
the density of the fluid, the inertia of the whole pendulum, the time of 
swing, and p the coefficient of viscosity. But it has been shown that in 
the case of the sphere the terms which Stokes has neglected are not by 
any means always negligible.* These terms, it appears, are of the order 
of magnitude of V 2 ap/p., where Fis the velocity of the fluid at any 
point, a the radius of the sphere, p the density of the fluid, and (i the 
coefficient of viscosity. In order, then, that Stokes's solution may be 
valid, the quantity Va p I p. must be small. V and a are the quantities 
which can .be varied in this expression, and if they can be made suffi- 
ciently small, the determination of p. should be rendered merely a question 
of manipulation. 

Two very good tests can be applied to determine whether the desired 
conditions have been obtained. In the first place, if V'^apjp. is too 
great to be neglected, then as V changes so does the relation between the 
velocity with which the solid body moves and the resistance with which 
it meets, and therefore the logarithmic decrement must change as the 
velocity changes. If, therefore, the period of vibration remains constant, 
the decrement measured when the pendulum is moving through large 
arcs should be different from that measured when the arcs are small. 
Thus, if the pendulum be given a certain amplitude of oscillation at the 
start, and the decrement be measured from arc to arc, there should be a 
gradual change in its value as the arc of swing diminishes. Again, when 
the period of oscillation, the radius of the sphere, and the angle through 
which the sphere moves are known, the maximum value of Fcan be 
calculated and compared with its square. Also, by using one of the 
values of p, given above, the value of the quantity Vap/p. can be 
calculated. 

Stokes's discussion of the sphere oscillating in an infinite viscous fluid 
leads to the following expression for the logarithmic decrement: 

* Whitehead, Quar. Jour. Math., 23, 1889. Lord Rayleigh, Phil. Mag., 36 
1893. 
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"Where /«,' = -,/* is the coefficient of viscosity and p the density, M K 2 

P 
is the moment of inertia of the pendulum, a is the radius of the sphere, 

T the time of a single swing of the pendulum, M' the mass of the fluid 

displaced by the sphere, and 



V 2/T V 2^7 



The decrement here considered is, of course, that due to the resistance 
of the fluid on the sphere alone. 

General Method. 

The constancy of the elasticity of quartz fibres commended the use of 
one of them as a suspension. Since the sphere had to be provided with 
a stiff wire support to which to fasten the fibre, and on which to support 
a small mirror to be used in reading the arc of swing, it was necessary 
to devise a plan by which the friction of the air on the mirror, wire, and 
fibre, and also the friction in the fibre itself, might be eliminated. The 
following plan was used. First, a sphere was made of suitable size. 
The size was accurately measured, and the density of the material of 
which it was composed determined. Another material was then chosen 
whose density was two or three times that of the sphere. Two disks 
of the same dimensions were then made, one of the heavy material and 
the other of the same material as that of which the sphere was made. 
The dimensions of the disks were determined by two relations. First, the 
moment of inertia of the heavy disk about its axis had to be the sum of 
the moment of inertia of the sphere about a diameter and of the light 
disk about its axis ; and second, the weight of the heavy disk had to 
be that of the sphere and light disk. Thus, a pendulum formed of the 
sphere and light disk fixed on a wire passing along the axis of the disk 
and a diameter of the sphere would have the same period of swing as 
that of a pendulum consisting of the heavy disk alone mounted as the 
light disk was. The tension of the supporting fibre would also be the 
same in the two cases. Two experiments were then performed, one to 
get the decrement when the vibrator consisted of the sphere and light 
disk, supported as described on the wire, and the other to get the decre- 
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ment when it consisted of the heavy disk supported on the wire at the 

same place as that formerly occupied by the light disk. The difference 

between these decrements was that due to the resistance of the air on 

the sphere alone. 

Description op Apparatus. 

Figure 1 shows the form of the appa- 
ratus which was used. A is a glass globe 
about 14 cm. in diameter to which, above, 
is connected the tube, B, and below the 
tube, C. The upper end of B is ground 
to fit the cap, D, while the lower end of 
C is ground to fit the mouth of the dry- 
ing tube, E. The cap, D, is continued 
above into the tube, F, through which a 
brass rod surrounded by a rubber tube 
can just pass. To the lower end of the 
brass rod the fibre is attached. This 
method of supporting the fibre enables 
one to raise or lower the whole suspension 
very easily. The fibre is about 0.0017 
cm. in diameter, and about 35 cm. in 
length. It is fastened at the lower end 
by means of shellac to an aluminum wire, 
G, which bears the mirror, the disk, and 
the sphere, II. The wire is about 12 cm. 
long and 0.075 cm. in diameter. The 
sphere, as finally used, is of glass 1.499 
cm. in diameter, the variation in its di- 
ameters being less than 0.001 cm. It 
weighs 4.495 grams. The disk finally 
used is of glass. It is 1.339 cm. in diam- 
eter, 0.3G4 cm. in thickness, and weighs 
1.297 grams. It was made with as great 
accuracy as the sphere. The sphere and 
" disk are shown at Figure 2. The heavy 
disk is made of lead. It is of the same 
size as the glass disk, and weighs 5.793 
grams. The mean radius of the lead disk 
differs only by about 0.001 cm. from that of the glass disk. The differ- 
ence in thickness is less than 0.001 cm. The disk is fastened on the 
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Figure 1. 



HOGG. — VISCOSITY OP AIR. 



617 



6 







wire about 5 cm. above the sphere, and is carefully fixed so that the 
wire is at right angles to its plane. The sphere also is adjusted so that 
the wire passes along a diameter. The 
adjustment is maintained by a small quan- 
tity of beeswax. The containing vessel, 
L, the top of which is removable, is a 
double-walled tin vessel, having an inter- 
space of about 5 cm. This space is filled 
with water, while a heavy coating of hair 
felt surrounds the whole. An extra 
thickness of felt is placed on the top, as 
here there is no water protection. M is 
a thermometer. N is the glass-covered 
opening in the vessel, L, through which 
the image of a scale can be observed in 
a telescope by reflection from the mirror. 
On the top of the containing vessel is a 
card with its centre at the centre of the 
lid, and to the prolongation of the cap, 
D, is fastened an index which marks the 
zero position of D, i. e., the position in 
which it must be placed that the front of 
the mirror may be directed towards the 
opening, N. By giving D a slight turn 
a start can be given to the vibrator. A 
carefully constructed manometer is con- 
nected to the tube R, which is also 
attached to a mercury pump. The 
connection to the pump has a branch in 
which is placed a drying tube and 
through which, if desired, air can be 
admitted into the apparatus. 

Figure 2. 
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Preliminary Experiments. 

Preliminary experiments showed clearly that, in order to obtain a 
regular diminution in the arc of swing, great care was necessary to avoid 
any convection currents in the apparatus. The water jacket and felt 
covering described above gave entire satisfaction in this respect and also 
maintained the temperature of the apparatus sufficiently constant. 
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A test was now made to determine whether the velocity of the sphere 
was such as to cause a different logarithmic decrement for large arcs of 
swing from that obtained for small arcs. The result obtained from the 
many observations taken was that, for the range which it was proposed 
to use, the decrement was independent of the amplitude of swing. The 
velocity of the fluid at any point would therefore seem to have been 
within the limit set by the mathematical conditions. Moreover, as will 
appear from the data given later, the maximum angle through which the 
sphere turned was about 0.015 radians, the time of one complete swing 
was, in the case of the glass sphere, 83.52 seconds, while the radius of 
the sphere was 0.7495 cm. The maximum velocity of a point on the 
equator of the sphere must have been about 0.0011 cm. per second. The 
square of this quantity is about 0.1 per cent of the quantity itself. Using 
the value 0.00017 for /* the expression Vap/ ft, must have been about 
0.006. 

It will be seen that the plan described above for the elimination of the 
friction on the fibre, mirror, and wire, as well as the friction in the fibre 
itself, is satisfactory only if the friction in the fibre remains constant dur- 
ing the experiment. Even with quartz this state of constancy is not 
reached until the pendulum has continued swinging for some time. With 
this precaution a very regular value for the decrement was obtainable. 

Though the surface of the lead disk seemed to be little, if any, inferior 
to that of the glass disk, yet to fully justify the replacing of one by the 
other a wooden disk with a smooth surface was used as a pendulum and 
the decrement measured. Then the same disk, having its surface black- 
ened with graphite, was used, but no difference in the decrement could 
be detected. Want of smoothness, merely, should, indeed, affect the 
decrement only in so far as a rough surface exposes more surface to the 
air for a given inertia than a smooth surface does. 

Conceivably, also, there might be a damping of the swinging of the 
lead disk due to induced currents in the lead. This was tested by chang- 
ing the intensity of the magnetic field surrounding the vibrator to two or 
three times its original value. No change in the speed of damping could 
be observed. 

Method of Experiment. 

The main part of the experiment was carried out as follows : After 
the sphere and disk had been fastened on the wire in the manner already 
described, the whole suspension was lowered into the containing vessel 
until the cap, D, rested in its place. When the cap, D, had been ad- 
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justed so that the mirror should come to rest in the proper place, and 
time had been given for the amplitude of the oscillation to diminish to 
the desired magnitude,* the points of rest of the consecutive arcs were 
observed. No observations were made until the arc had diminished to 
about 15 cm. The scale distance was 2.3 metres, so that the largest angle 
through which the sphere turned from the position of equilibrium was 
about 0.015 radians. Every point of rest was observed until the ampli- 
tude of oscillation had diminished to about 5 cm. A series of twenty 
consecutive arcs could thus be obtained. By turning the cap, D, a fresh 
start was given to the vibrator and the same process repeated, care being 
taken to allow any pendulous motion to subside before any observations 
were made. Generally, from four such series the mean decrement was 
obtained. Before removing the sphere from the vessel the time of swing 
was determined. The pressure was measured at the beginning and end 
of the experiment, and the temperature observed from time to time dur- 
ing the course of the work. 

The suspended system was then taken from the vessel, the sphere and 
disk removed, and the lead disk fixed on the wire at the same place as 
that previously occupied by the other disk. When the new system had 
been returned to the vessel and the swinging of the disk had sufficiently 
subsided, the same process as was carried out with the sphere was re- 
peated with this new pendulum. The time of swing, the pressure, and 
temperature were again observed. 

These observations gave all the data necessary for the calculation of //. 
with the exception of the moment of inertia of the vibrator. To get 
this, three cylinders were made having different radii, and each a length 
sufficient that its weight should be just that of the lead disk. The 
weights were made the same to a milligram. Thus the fibre when sup- 
porting any one of the cylinders was under the sanje strain as when it 
was supporting the sphere and disk. The moment of inertia of each 
cylinder was calculated, and then a knowledge of the time of swing of 
each and of that of the wire and mirror when allowed to oscillate alone 
gave at once the value of the moment of inertia of the mirror and wire. 
This was added to the moment of inertia of each cylinder, and then from 
each result the moment of inertia of the vibrator was obtained. The 
moment of inertia of the vibrator could be calculated, but it seemed bet- 
ter to get it from the time of swing which the vibrator had in the course 
of the experiment. 

* This process usually took between one and two hours. 
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Experiment I. 

In the first experiment the sphere was made of ivory. Its diameter 
was 0.8653 cm., and together with the ivory disk weighed 5.460 grams. 
The moment of inertia of the mirror and wire alone was found to be 
0.0016 in C. G. S. units, while that of the vibrator as determined from 
the different cylinders, which in this case were made of ivory, was 
1.6409, 1.6424, and 1.6479, the mean of which is 1.644. The tempera- 
ture corrected by a standard thermometer was 23°.0, and the pressure 
75.65 cm. The logarithmic decrement obtained when the disk was on 
the wire was 0.00859 and the time of swing 38.83 seconds. The decre- 
ment for the sphere and ivory disk was 0.02424, and the time 38.94 
seconds. To change the former decrement to what it would be were the 
time of swing 38.94 seconds the approximate formula X (1 — t 2 /t{) was 
used. It expresses the amount to be added to A, the decrement when 
the time is t t in order to get what that decrement would become when 
the time had changed to tf 2 and is obtained by considering the pendulum 
as being damped by a resistance proportional to the angular velocity. It 
is sufficiently accurate for this correction, which must be small, since 
the difference in time is small. In this case the correction was —0.0002, 
so that the corrected decrement for the lead disk was 0.00857 and the 
decrement due to the resistance to the sphere alone must have been 
0.01567. To the base e, this becomes 0.03608. 

The following table gives the data necessary for the calculation of //. : 

TABLE I. 



Temp. 


p. 


T. 


Dec. 


MK 2 . 


W. 


a. 


23°.0 


0.0011871 


38.94 


0.03608 


1.644 


0.0032215 


0.8653 



The insertion of these values in the expression for the logarithmic decre- 
ment in Stokes's formula leads to an equation of the fourth degree from 
which to determine /A The solution gives 

M23°.o = 0.0001825. 

Holman * has obtained the formula 

^ = no (1 + .002751 1 - .00000034 1 2 ) 



* Phil. Mag., 21, 1886. 
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to express the variation of p with the temperature, 
been used to reduce the above result to 0° C. 

/*o = 0.0001716. 



This formula has 



Experiment II. 

After being in use for some time, the ivory sphere and disk were 
found to have changed in weight and shape, so that the ivory was re- 
placed by glass. The dimensions of the glass sphere and the requisite 
disk have been given in the description of the apparatus. The method 
of performing the experiment was the same in this case as in the pre- 
vious one. Metal cylinders, however, were used for determining the 
moment of inertia. The latter was found to be, from the first cylinder, 
1.3047, from the second 1.3042, and from the third 1.3029. The mean 
is 1.3039! The decrement for the sphere and disk was 0.02211, and for 
the lead disk 0.00862. The time for the lead disk was 41.77 seconds, 
so that no correction for time was necessary. The results are summar- 
ized in Table II. : — 

TABLE II. 



Temp. 


p- 


T. 


Deo. 


MK\ 


W. 


a. 


18°6 


0.001228 


41.795 


0.03106 


1.3039 


0.002106 


0.7495 



From the data given in this table 

ft8 o. 6 = 0.0001795. 
When reduced to 0° C. this gives 

^ = 0.0001708. 

Experiment III. 

In this experiment the temperature of the gas when the sphere was 
suspended was 15°. 6 C, while when the lead disk was suspended it was 
14°. 8 C. The correction to be applied was obtained by getting the 
decrement for the lead disk when the temperature was 15°. 3 C, and using 
this as a basis for determining what it would be at 15°. 6. In this way 
the correction was found to be 0.00004. This correction was not quite 
as satisfactory as might have been desired, as appeared when the decre- 
ment was deduced from the observations at 15°.3. The results were not 
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quite so regular as they were in some other cases. This was probably 
due to having taken observations to. be used without having given suffi- 
cient training to the fibre. But there can be no serious error involved 
in the corrected decrement (probably not more than 0.1 per cent) as the 
correction is necessarily small. 

The pressure in this case, as in the last, was also observed to be 
slightly different when the sphere was used from that when the lead disk 
was used. But by the same method as that used in the case of the tem- 
perature the correction was found to be negligible. 

As the time for the lead disk was 41.755, no correction for time was 
necessary. 

Table III is a summary of the data obtained from this experiment. 

TABLE III. 



Temp. 


p- 


T. 


Dec. 


MK*. 


M'. 


a. 


15°6 


0.0012316 


41.76 


0.03095 


1.3039 


0021721 


0.7495 



From the data given in this table 

H 15 o.q - 0.0001790, 

and nio = 0.0001716. 

The value of fi has been determined also for pressures less than atmos- 
pheric. The following tables give the results obtained : — 



TABLE IV. p = 36.034 cm. 



Temp. 


p- 


T. 


Dec. 


MK'-. 


M'. 


a. 


15°.G 


0.0005799 


41.76 


0.03049 


1.3039 


0.0010227 


0.7495 



From the data given here, 

// 15 o. 6 = 0.0001782, 
and fi = 0.0001709. 
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Temp. 


p. 


T. 


Deo. 


MK*. 


M'. 


a. 


15°.6 


0.0001612 


41.76 


0.03037 


1.3039 


0.0002842 


0.7495 


Here, 
and 


P 160.6 = 0.0001786, 

Ho = 0.0001712. 

TABLE VI. p = 2.499 cm. 






Temp. 


p. 


T. 


Dec. 


MK*. 


M'. 


a. 


15°.6 


0.00004022 


41.76 


0.03035 


1.3039 


0.00007093 


0.7495 


In this c 
and 


ase 


Mlo 


, 6 = 0.000 
= 0.0001 


1786, 
713. 







A reference to the description of the apparatus will show that the dis- 
tance between the fixed and moving surfaces, viz., the inner surface of 
the glass bulb and the surface of the sphere, was about 6.5 cm., so that no 
correction need be applied for slip. 

In addition to what has been said with regard to the neglect of the 
squares of velocities it may be urged that, if it can be taken as satisfac- 
torily shown that the value of /i is constant over as large a range of 
pressure as that over which the foregoing experiments have been made, 
there is, in the results obtained at the lower pressures, another evidence 
of the justifiable neglect of quantities of the order of V 2 ap/fi. For a 
diminution of p diminishes this quantity while not affecting p., so that, if 
the value of /x derived from a formula obtained by neglecting the squares 
of small quantities is the same at atmospheric pressure as it is at a much 
smaller pressure, 2.5 cm., it may be safely concluded that the use of the 
formula at atmospheric pressure was justifiable. 

The mean of the results obtained at atmospheric pressure is 

/x = 0.0001713. 

This is very nearly the mean of the results obtained by the more recent 
investigators, some of whom used the transpiration method and others 
the oscillation method. 
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Considered from the point of view of the Kinetic Theory of Gases, 
the viscosity of a gas is measured by the excess of the quantity of mo- 
mentum transferred in one direction across the mutual boundary of two 
portions of the gas by the to and fro motions of the particles over the 
quantity of momentum transferred in the opposite direction. The ions in 
a gas no doubt play their part in transferring momentum from one layer 
of the gas to another, but their number is so exceedingly small in compar- 
ison with the number of unaffected particles that it is scarcely probable 
that the transfer of momentum is appreciably affected by the ionization 
of the gas. 

An experiment was performed with the object of ascertaining whether 
there is any appreciable change in the viscosity of air when in the ion- 
ized state. No change in the rate of damping of the oscillation could be 
observed. 

The investigations of Tomlinson and Reynolds, already referred to, 
seem to be the only ones in which the oscillating body was spherical. A 
closer examination of these investigations may therefore be permitted. 
In Tomlinson's experiment two spheres, each 6.3 cm. in diameter, were 
fixed side by side with their centres 20.78 cm. apart. The system 
oscillated about an axis, which passed along a vertical line midway be- 
tween the spheres. The time of one complete swing was 5.76 seconds. 
The mathematical formula for this case, which was given by Stokes, re- 
quired a correction for the rotation of the spheres about their respective 
vertical diameters. When adapted to the case of a single sphere the 
formula for this correction is that made use of in the present inves- 
tigation. From the experiment with the spheres Tomlinson found /j. 
= 0.0001716. 

The results obtained by the same investigator by means of the two- 
cylinder method, and by means of the single-cylinder method, showed 
good agreement with each other and with that given for the spheres. A 
vibrator in the form of a single cylinder was finally adopted and the two 
results obtained from it were /x, = 0.0001716 and fx = 0.0001714. 

Where cylinders are used it would appear that there is not the same 
limitations for the velocity that there are when spheres are used, and 
consequently, from considerations of what the velocity of a point on 
either sphere must have been, the result given for the spheres is perhaps 
hardly what one might expect. With an amplitude of oscillation, such 
that the vibrator would move from the point of equilibrium through an 
angle of 0.02 radians, the maximum velocity of the centre of each sphere 
must have been about 0.23 cm. per second. The value of Va pj ^ would 
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in this case be about 5.5. On this account one would have expected a 
larger result than that given. 

In the experiment performed by F. G. Reynolds the spherical shell 
which he used had a diameter of nearly 13 cm. It was made to vibrate 
about a diameter, and the period of oscillation was 1 6 seconds. The 
maximum angle, measured from the position of equilibrium, was appar- 
ently about 0.15 radians, so that the maximum velocity of a point on the 
equator of the sphere must have been approximately 0.19 cm. per second. 
The square of the quantity is not small compared with the quantity itself, 
and the quantity Vap/fi, for this case is about 9.4. There may be in 
this an explanation of the fact that the result obtained by Reynolds is 
about 3 per cent greater than the mean of the results given in this 
paper. 

The analogy between the method of the single cylinder and that 
employed in the present paper is apparent. As has been seen, the 
result obtained by Tomlinson by this method is almost identical with 
that obtained in the present investigation ; but Reynolds, by this method, 
obtained jk = 0.0001768. An effort has been made to discover the cause 
for this discrepancy. 

In order to eliminate the effect of friction on the mirror and wire and 
the viscosity in the wire itself, Reynolds made use of a telescopic arrange- 
ment of two hollow cylinders. The decrement was measured, first, with 
the outer cylinder covering the inner, and then with the inner one pulled 
out a distance of 25.4 cm. The difference between these decrements he 
took to be that due to the friction of the air on the inside and outside of a 
length of 25.4 cm. of the inner cylinder. The inside diameter of the inner 
cylinder was 4.70 cm., and the inside diameter of the outer was 5.00 cm. 
The thickness of the metal was 0.04 cm., so that there was a space of 
0.11 cm. between the cylinders. In obtaining in the manner described 
the decrement for the extended portion of the inner cylinder the as- 
sumption was made that the friction on the inner surface of a length of 
25.4 cm. of the outer cylinder was the same as the friction on the same 
length of the inside surface of the inner cylinder together with the friction 
due to a length of 25.4 cm. of the layer of air between the cylinders. 
This assumption would seem to require justification. 

On account of the two distinct operations involved in the method used, 
in the present investigation, it is not well suited for the determination of 
viscosity at low pressures. Another investigation is in progress, one of 
whose objects is to determine the law relating viscosity to pressure at 
pressures where slip is appreciable and, when this is done, to measure 
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very low pressures by measuring viscosity. As in Maxwell's formula 
for the oscillating disk, account is taken of the friction on and in the 
fibre, and on the mirror, the sphere has been replaced by a glass disk 
oscillating between two fixed glass disks. The whole is enclosed in a 
glass vessel which is in connection with a McLeod Gauge and a mercury 
pump. 

I desire to express my gratitude to Professor Trowbridge for placing 
at my disposal everything necessary for carrying on the work, and to 
him and to the other professors of the department for helpful suggestions 
during the course of the investigation. 



